Background. Mutations in Tamm-Horsfall protein (THP), also known as uromodulin, lead to a group of diseases known as the uromodulin storage disorders. Clinically, these diseases present with tubulo-interstitial damage, progressive renal dysfunction, hyperuricaemia, and gout. However, it remains unclear how a mutation in THP, a protein produced in the thick ascending limb, can cause hyperuricaemia when most of the uric acid transport is believed to occur in the proximal tubule. However, one study in humans suggests that uric acid could also be secreted in the distal tubule. Thus, an attractive hypothesis could be that THP would bind to uric acid in the distal tubule, and decrease its subsequent reabsorption in the distal nephron. Methods. We screened for uric acid binding to THP using four independent binding assays.
Introduction
Tamm-Horsfall protein (THP), which is also known as uromodulin, is the most abundant protein found in normal urine. The primary amino acid sequence of human THP was determined in 1987 [1, 2] . The mature form of THP is 616 aminoacids long (MW ¼ 85 kDa) and contains six glycosylation sites [3] . It contains a large number of cysteine residues, which form the disulfide bonds responsible for its complex 3-D structure. In the urine, THP forms polymeric chains and easily forms a gel in solution. It is synthesized exclusively in the thick ascending limb (TAL) of the loop of Henle and secreted into the tubular lumen [3] . This glycoprotein was first described more than 50 years ago, but its physiological role is still not fully understood. It was first assumed to play a role in protecting the urinary tract from calcium nephrolithiasis by preventing the aggregation of calcium oxalate crystals [4, 5] . A role in TAL ion transport in relation with the diluting function of the TAL was hypothesized but not confirmed [6] . More recently, several studies have shown that THP plays an important role in defending the urinary tract against bacterial infections [7, 8] .
In recent years, attention has been drawn to a possible role of THP in uric acid handling by the kidney. Several genetic diseases (called uromodulin storage diseases) including medullary cystic kidney disease (MCKD), familial juvenile hyperuricaemic nephropathy (FJHN) and glomerulocystic kidney disease (GCK), presenting with hyperuricaemia, reduced fractional excretion of uric acid and gout, have been shown to result from mutations of the THP/ uromodulin gene [9] [10] [11] . More that 30 uromodulin mutations have been described, most of which disrupt highly conserved cysteine residues in the uromodulin protein [12] . In affected patients, a mutant form of THP is produced that cannot efficiently exit the cell resulting in intracellular THP accumulation and a decreased amount of THP secreted in the urine [13] .
Despite these advances in the genetics of the uromodulin storage diseases, several physiological aspects of these diseases, including the possible link between THP protein and uric acid handling, remain a mystery. Because THP is produced exclusively in the TAL and secreted in the urine, a possible interaction with uric acid would have to take place in the TAL or distal to this site. However, the generally accepted theory of uric acid transport states that all uric acid exchange is completed by the time it reaches the end of the proximal tubule [14] . Thus, it remains unclear how a mutation of a protein produced exclusively in the thick ascending limb (TAL) could alter urate homeostasis as it does in uromodulin storage diseases.
However, some older evidence that supports a role for distal uric acid transport may have received too little attention [15, 16] . In this study, inulin, radiolabelled uric acid, para-aminohipuric acid (PAH) and potassium were injected simultaneously into hypertensive subjects, and serial urine samples were collected. They found that uric acid appeared in the urine before the PAH but after potassium, indicative of secretion of uric acid in the nephron lumen at a site located after the proximal tubule and before the collecting duct [15, 16] . Reviewing this literature, along with the recent observations regarding the uromodulin storage diseases, gave rise to the hypothesis that THP may bind to uric acid and act in a way that could favour its efficient excretion. The complex 3-D structure of the THP, imparted by its disulfide bonds and its capacity to form gels in solution, could favour THP-uric acid binding. This interaction could take place in the cells of the TAL, allowing THP to participate in uric acid secretion into the nephron lumen. This binding could also take place in the tubular lumen, preventing subsequent reabsorption of uric acid along the distal nephron as the urine is progressively concentrated in the collecting duct.
THP has been previously shown to bind to the Bence-Jones protein (BJP), where it plays a role in the formation of casts in multiple myeloma [17] . THP also binds to the fimbrae from uropathogenic strains of E. Coli [18] where it plays a physiological role in defending the urinary tract from infection [7, [18] [19] [20] [21] [22] [23] . Thus, THP binding interactions play important physiological roles in at least two areas. We undertook the present series of experiments to determine if THP is also able to bind to uric acid, a property that could provide part of the mechanism for the hyperuricaemia seen in uromodulin storage diseases.
Methods
THP was isolated from the urine of healthy males by three cycles of precipitation with 0.58 molar sodium chloride (Sigma, St Louis) and dialysed to remove the sodium chloride as previously described [24] . Protocols involving human subjects were approved by the University of Florida institutional review board. The protein was run on a 7.5% polyacrilamide gel (Sigma, St Louis, MO, USA) and stained with Commassie Blue (Bio-Rad, Hercules, CA, USA).
Binding method 1-immunoblotting with radiolabel detection
About 2 mg of THP, albumin and BJP were placed on a nitrocellulose membrane (Bio-Rad, Hercules CA, USA) and allowed to dry. The membrane was washed three times in phosphate buffered saline (PBS) (Sigma, St Louis). The membrane was blocked with 2% non-fat dried milk in trisbuffered saline (Bio-Rad, Hercules CA, USA) with 0.1% Tween-20 (Sigma, St Louis) (TBST) for 2 h at room temperature. The membrane was then incubated with 5000 dpm 14 C-uric acid (American Radiochemicals, St Louis, MO) at 48C overnight. The membranes were then rinsed three times with TBST and counted in a scintillation counter (Beckman-Coulter, Fullerton, CA, USA). For the control experiment, the membrane was incubated in BJP (Bethyl laboratories, Montgomery, TX, USA) at 1 mg/ml TBST with 2% milk for 1 h. The membrane was rinsed three times with TBST. Immunoblotting of the membrane was performed with (1) primary antibody goat anti-human BJP (A80-116a, Bethyl laboratories, Montgomery, TX) overnight at 48C at 1/1000 dilution in TBST with 0.1%, (2) bovine serum albumin rabbit anti-goat horseradish peroxides linked secondary antibody (Dako) for 1 h at room temperature at 1/2000 dilution in TBST with 0.1% BSA and (3) West Pico luminol reagents (Pierce, Rockford, IL, USA).
Binding assay 2-immunoprecipitation with radiolabel detection THP solution (106 mg/ml) in TBST was pretreated with sepharose protein A beads (Rockland, Gilbertsville PA) for 1 h at 48C, then these beads were removed by centrifugation for 5 min at 5000 g. About 10 ml mouse anti-human THP antibody (CL1032a lot 2964, Cedarlane, Ontario, Canada) was then added to the THP solution and incubated for 2 h at 48C and 400 ml freshly washed sepharose beads were added to the solution for 1 h. The beads were then washed three times with PBS. The beads were then incubated with 10 000-100 000 dpm of 14 C-labelled uric acid for 1 h at room temperature or 24 h at 48C with rotation. In other experiments, the effect of the buffer on binding was examined. In these experiments PBS, TBS, TBST and Hanks buffered salt solution (HBSS) without phenol red, calcium or magnesium (GIBCO, Grand Island, NY, USA) were tested. After the incubation period, the beads were washed three times with PBS, and were then placed in scintillation fluid (Sigma, St Louis) and counted in the scintillation counter.
Binding assay 3-immunoprecipitation with LC-MS/MS detection
The THP bound beads were prepared as above. They were then incubated in PBS containing 10 mM uric acid (Sigma, St Louis, MO, USA). The beads were then rinsed three times in PBS. They were then suspended in 300 ml distilled water and heated to 1008C for 10 min to detach the protein from the beads. The samples were then filtered through a 10 kDa filter (Millipore, Bedford, MA, USA) to remove the proteins and the supernatant was analysed on a LC-MS/MS system.
Binding assay 4-molar equivalent binding, filter separation and LC-MS/MS analysis
THP solution was mixed with a molar equivalent uric acid in PBS pH 7.4. After 1 h of binding, the solution was filtered through a 10 kDa filter to remove proteins. The filtrate was analysed on an LC-MS/MS system for the determination of uric acid concentration.
Results
THP was purified from normal urine. Electropheresis under non-reducing conditions revealed that the THP was in polymeric form (data not shown). THP was also run on a gel under reducing conditions to confirm purity (Figure 1 ). Four distinct techniques were used for the determination of binding of THP to uric acid. Using an immunoblotting method, we found there was no evidence of binding of THP to uric acid. As a control however, BJP was able to bind to the THP but not to albumin (Figure 2) . Using an immunoprecipitation method with radiolabel detection, we found there was also no evidence of THP binding to uric acid. As a control, the presence of the THP could be demonstrated on the beads after the immunoprecipitation (Figure 3) . Alteration of the composition of the buffer from PBS to TBS and HBSS, with or without calcium and magnesium, had no effect on the binding data (not shown). Similarly, alteration of the pH of the binding solution from pH 6 to pH 8 did not lead to any binding (data not shown). Using an immunoprecipitation method in conjunction with LC-MS/MS detection, no THP-bound uric acid could be detected, even though uric acid could be detected with this method down to a concentration of 5 nM (Figure 4) . Finally, a filter separation technique and LC-MS/MS detection was used to assess the binding of uric acid to THP. After incubation of THP with an equal molar amount of uric acid, THP was separated from uric acid solution by filtration through a 10 kDa filter. THP binding to uric acid would be expected to alter the concentration of uric acid recovered in the filtrate; however, no significant change in concentration could be detected.
Discussion
The hypothesis that THP could bind to uric acid and that this may prevent distal urate transport is intriguing. Generally, it is believed that uric acid transport is complete by the end of the proximal tubule. However, there is some older evidence supporting the concept of distal uric acid transport [15, 16] . As mutations in THP produce a phenotype that frequently has a defect in uric acid excretion, it is tempting to hypothesize that there may be an interaction between uric acid and THP.
Nevertheless, in the present study, four independent methods were used to test the hypothesis that THP might bind to uric acid under physiological conditions. While each of the methods employed has some limitations, the combined results of these four experimental methods provide good evidence against the hypothesis that THP can bind to uric acid under physiological conditions. However, it is still possible that THP modulates uric acid transport in the distal tubule via a mechanism that does not involve binding. In vivo or in vitro studies would need to be designed to answer this question.
Another hypothesis that has been advanced to explain the hyperuricaemia seen in some uromodulin storage diseases is compensation for renal salt wasting [11, 20, 25] . The uromodulin storage diseases are frequently associated with renal salt wasting [11, 26] . Compensatory mechanisms for this renal salt wasting could lead to increased proximal tubular resorption of uric acid, similar to hyperuricaemia often observed in Bartter's syndrome and Gittleman's syndrome [27] . There is some evidence from THP knockout mice to support this theory [25] , but more experiments are required to definitively answer this question. In conclusion, we found no evidence that uric acid can bind to THP under physiological conditions. 
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